INTRODUCTION
Hypoxia-inducible factor 1 (HIF-1) functions as a master regulator of cellular and systemic O 2 homeostasis in all metazoan species by activating the transcription of target genes that are critical for adaptive responses to hypoxia. In mammals, proteins encoded by HIF-1 target genes stimulate vascular remodeling to increase blood flow in ischemic tissue and mediate the beneficial effects of ischemic preconditioning (1) . HIF-1 also functions as a critical cardioprotective component of adaptive responses to left ventricular pressure overload. Cancer cells in hypoxic tumor microenvironments exploit adaptive responses that are mediated by HIF-1 to promote vascularization, metabolic reprogramming, immune evasion, cancer stem cell maintenance, invasion, and metastasis (1) .
Protein kinase A (PKA) is a primary effector of cyclic adenosine monophosphate (cAMP)-responsive cellular processes. Numerous intercellular messengers, such as catecholamines and adenosine, bind to heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs), such as b 1 -and b 2 -adrenergic receptors or A 2A and A 2B adenosine receptors, respectively. These receptors are coupled to G proteins that promote conversion of adenosine 5′-triphosphate (ATP) into cAMP by activating transmembrane adenylyl cyclases (2) . Increased intracellular cAMP concentrations activate PKA. The adenosine and b-adrenergic signaling pathways are dysregulated in cancer and heart disease, contributing to tumor progression and cardiac hypertrophy (2) (3) (4) . Thus, there is considerable overlap in the physiologic and pathologic processes that are mediated by PKA and HIF-1.
O 2 -regulated HIF-1a and constitutively expressed HIF-1b subunits comprise the functional HIF-1 heterodimer (5) . Under normoxic conditions, prolyl-4-hydroxylase domain proteins (PHDs) hydroxylate Pro 402 and Pro 564 , which is required for binding of the von Hippel-Lindau (VHL) protein to HIF-1a (1) . VHL recruits an E3-ligase complex that ubiquitinates HIF-1a and targets it for proteasomal degradation. Hydroxylation of Asn 803 by factor inhibiting HIF-1 (FIH-1) blocks binding of the coactivator p300 and transactivation by HIF-1a. Because PHDs and FIH-1 use O 2 as a catalytic substrate, hypoxia inhibits hydroxylation, leading to stabilization of HIF-1a protein, dimerization with HIF-1b, and target gene transactivation (1) .
PKA is a ubiquitously distributed Ser and Thr kinase that is present as an inactive heterotetramer composed of two regulatory and two catalytic subunits. cAMP binding to the regulatory subunits induces conformational changes that release active catalytic subunit monomers (6) . There are four regulatory (R1a, R1b, R2a, and R2b) and catalytic (Ca, Cb, Cg, and Prkx) subunits (7) . Heterotetramers containing two different regulatory subunits are rare, and the predominant isoforms are designated type 1 or 2 on the basis of the presence of two R1 or R2 subunits, respectively. Type 1 isoforms are found in the cytosol, whereas type 2 isoforms are generally localized to organelles, such as the mitochondria and sarcoplasmic reticulum of muscle cells (7, 8) . The catalytic subunit monomers phosphorylate a multitude of targets in the cytosol, at subcellular locations, and in the nucleus, including the transcription factor cAMP response element (CRE)-binding protein (CREB) (6) . Given the critical involvement of both PKA and HIF-1 in the pathogenesis of cancer and heart disease, we investigated whether PKA could directly interact with and regulate HIF-1 function in human HeLa cervical carcinoma cells and neonatal rat cardiomyocytes (NRCMs).
RESULTS

PKA is an HIF-1a-interacting protein
To investigate whether PKA directly interacted with HIF-1a, we performed pull-down, immunoprecipitation, and in vitro binding assays. Both the R1a and Ca subunits of PKA were present in lysates of H9c2 rat cardiomyoblast cells and bound to glutathione S-transferase (GST)-HIF1a , which is a fusion protein consisting of GST and amino acid residues 531-826 of HIF-1a, but not to GST alone (Fig. 1A) . Binding of the R1a and Ca subunits of PKA to GST-HIF-1a was increased in lysates of H9c2 rat cardiomyoblast cells exposed to the b-adrenergic agonists isoproterenol, phenylephrine, or both, or to hypoxia (1% O 2 ), compared to lysates isolated from untreated or vehicle-treated cells (Fig.  1A ). An unbiased approach using label-free quantitative proteomic analyses of NRCM protein lysates purified over GST or GST-HIF-1a further demonstrated a higher abundance of the R1a subunit of PKA bound to GST-HIF-1a 531-826 compared to GST alone (data file S1). Coimmunoprecipitation experiments confirmed that endogenous HIF1a interacted with R1a or Ca in NRCMs, H9c2 cells, and HeLa cervical carcinoma cells (Fig. 1B) . Recombinant protein binding assays demonstrated that purified recombinant Ca (rCa) had a higher affinity for HIF-1a 531-826 than purified R1a (Fig. 1C) , suggesting that the interaction between HIF-1a and R1a observed in GST pull-down and coimmunoprecipitation assays is due to PKA holoenzyme forming a complex with HIF1a through direct binding of the Ca subunit to HIF-1a.
PKA stimulates HIF-1 transcriptional activity and inhibits HIF-1a degradation
To determine whether PKA regulates HIF-1, we assessed the effect of pharmacological activators and inhibitors of PKA on HIF-1a abundance and HIF-1-dependent transcription. Treatment of primary human cardiomyocytes under normoxic conditions (20% O 2 ) with isoproterenol, or isoproterenol and phenylephrine, increased HIF-1a protein abundance ( Fig.  2A) . Similar effects were observed in HeLa cells treated with the adenylyl cyclase activator forskolin under normoxic or hypoxic conditions (Fig.  2B) . Treatment of HeLa cells with the PKA inhibitor H89 blocked both forskolin-and hypoxia-induced increases in HIF-1a abundance (Fig. 2B) . To test whether increased HIF-1a abundance led to increased HIF-1 transcriptional activity, we cotransfected HeLa cells with the HIF-1-dependent reporter plasmid p2.1, which contains a hypoxia response element upstream of simian virus 40 (SV40) promoter and firefly luciferase coding sequences (9) , and pSV-Renilla, a control reporter containing the SV40 promoter upstream of Renilla luciferase coding sequences. The ratio of firefly/Renilla luciferase activity is a measure of HIF-1 transcriptional activity. Forskolin treatment increased HIF-1 transcriptional activity under hypoxic conditions, whereas HIF-1 activity was suppressed by H89 or myristoylated 14-22 amide [protein kinase inhibitor (PKI)], a cell-permeable R1a peptide-based PKA inhibitor (Fig. 2C) . Thus, cAMP stimulates HIF-1 transcriptional activity and increases HIF-1a protein abundance through activation of PKA.
To confirm the pharmacological data, we analyzed the effect of transient overexpression or stable knockdown of PKA catalytic subunits on HIF-1 transcriptional activity and HIF-1a protein abundance. In HeLa cells under normoxic or hypoxic conditions, overexpression of the Ca subunit, but not Cb, increased HIF-1 transcriptional activity (Fig. 2D) and Ca overexpression enhanced HIF-1a protein abundance (Fig. 2E) . Stable knockdown of Ca in HeLa cells decreased HIF-1 transcriptional activity (Fig. 2F ), but to a lesser extent than H89 or PKI administration. Ca knockdown did not appear to alter the hypoxic induction of HIF-1a protein abundance (Fig. 2G) . Ca knockdown induced a decrease in R1a, which, together with incomplete knockdown of Ca (Fig. 2G) , may explain the differences between pharmacologic and genetic PKA loss of function. (right), which were prepared from H9c2 cells subjected to no treatment (NT); treated with vehicle (V), isoproterenol (ISO), phenylephrine (PE), or isoproterenol/phenylephrine; or exposed to 1% O 2 (Hyp) (n ≥ 3 independent experiments). (B) Immunoprecipitation (IP) of R1a from NRCMs (left panel; n = 2 biological replicates) or H9c2 cells (middle panel; n = 2 biological replicates) and immunoprecipitation of HIF-1a from HeLa cells (right panel; n = 2 biological replicates) were performed, followed by immunoblot assays using antibodies against HIF-1a, R1a, or Ca. Primary antibody (Ab) alone and lysate incubated with nonspecific immunoglobulin G (IgG) were included as negative controls. (C) Pull-down assays were performed using GST or GST-HIF-1a 531-826 and recombinant His-tagged Ca or R1a, followed by immunoblot assays using the indicated antibodies (n = 2 independent experiments).
HIF-1a mRNA abundance in HeLa cells or NRCMs was not affected by pharmacologic or genetic manipulation of PKA (Fig. 2H ), suggesting that PKA may enhance HIF-1a protein stability. H89 and PKI inhibited the hypoxia-induced increase in HIF-1a protein abundance (Fig. 3A) , and the effect of H89 was reversed by the proteasome inhibitor MG132 (Fig. 3B) . PKA mediates phosphorylation of CREB at Ser
133
, which was stimulated by forskolin and inhibited by H89, confirming the efficacy of these agents (Fig. 3A) . Thus, PKA promotes HIF-1 transcriptional activity, in part, by inhibiting the proteasomal degradation of HIF-1a.
To determine whether PKA-induced HIF-1a stabilization involves prolyl hydroxylation, we analyzed the effect of forskolin, H89, 3-isobutyl-1-methylxanthine (IBMX; an inhibitor of phosphodiesterases that hydrolyze (A and B) Immunoblot assays were performed using lysates from primary human left ventricular cardiomyocytes (CMs) exposed to vehicle, isoproterenol, or isoproterenol + phenylephrine (A) (n = 2 biological replicates), or HeLa cells exposed to vehicle, forskolin (F), H89 (H), or forskolin + H89 at 20 or 1% O 2 (B) (representative of n = 3 independent experiments). (C) HeLa cells were cotransfected with p2.1 and pSV-Renilla and exposed to vehicle, forskolin, H89, forskolin + H89, or PKI at 20 or 1% O 2 , and the ratio of firefly/Renilla luciferase was determined (HIF luciferase activity; means ± SD, n = 9 biological replicates from three independent experiments). *P < 0.05 compared to vehicle at same % O 2 ; # P < 0.05 compared to forskolin at same % O 2 . a.u., arbitrary units.
(D) HeLa cells were cotransfected with p2.1, pSV-Renilla, and vector encoding red fluorescent protein (RFP), RFP-Ca fusion protein, or hemagglutinintagged Cb and exposed to 20 or 1% O 2 , and HIF luciferase activity was determined (means ± SD, n = 9 biological replicates from three independent experiments). *P < 0.05 compared to RFP at the same % O 2 .
(E) Immunoblot assays were performed using lysates of HeLa cells expressing RFP or RFP-Ca and exposed to 20 or 1% O 2 (n = 3 independent experiments). (F and G) HIF-dependent luciferase reporter assays (F) [means ± SD, n = 9 biological replicates from three independent experiments; *P < 0.05 compared to scrambled control (SC) at same % O 2 ] and immunoblot assays (G) (n = 3 independent experiments) were performed using lysates of HeLa cells expressing a scrambled control short hairpin RNA (shRNA) or either of two shRNAs targeting Ca (shCa-1 or shCa-5) and were exposed to 20 or 1% O 2 . (H) HIF-1a mRNA abundance was determined by reverse transcription quantitative polymerase chain reaction (RT-qPCR) in parental HeLa cells (left panel), scrambled control, shCa-1 and shCa-5 HeLa subclones (middle panel), or NRCMs (right panel), which were exposed to 20 or 1% O 2 (means ± SD, n = 6 biological replicates from three independent experiments; none of the differences were statistically significant). Data in (C), (D), (F), and (H) are graphed as fold change from respective controls at 20% O 2 . The Mann-Whitney U test was used to assess statistical significance for all data in this figure. cAMP to AMP), or Ca overexpression on the abundance of P402A/ P564A double-mutant HIF-1a (HIF-1a-DM), which cannot be prolylhydroxylated and is resistant to oxygen-dependent proteasomal degradation (1). Forskolin increased HIF-1a-DM abundance in human embryonic kidney (HEK) 293T cells ( Fig. 3C ) and HeLa cells (either alone or with IBMX), an effect that was negated by H89 (Fig. 3D ). In addition, Ca overexpression increased HIF-1a-DM protein abundance in HeLa cells (Fig.  3E) . Thus, PKA inhibits the proteasomal degradation of HIF-1a independently of prolyl hydroxylation.
PKA phosphorylates Thr 63 and Ser 692 to stabilize HIF-1a
To determine whether HIF-1a was a direct substrate of PKA, we performed in vitro kinase assays using GST fusion proteins encompassing residues 1-80, 331-427, 432-528, or 531-826 of HIF-1a and the rCa subunit of PKA ( , and Ser 727 were phosphorylated by rCa in vitro (Fig. 4B) . In HeLa cells expressing the HIF-1a deletion mutants, H89 decreased the abundance of the constructs encompassing HIF-1a residues 1-200 and 531-826, but not those encompassing 201-329 or 330-530 (Fig. 4C ), suggesting that PKA may increase HIF-1a abundance by phosphorylating residues in the N-terminal (residues 1-200) and C-terminal (residues 531-826) regions of HIF-1a.
To determine whether residues phosphorylated by rCa in vitro were biologically relevant, we tested whether mutation of Ser 692 , Thr 700 , or Ser 727 made HIF-1a-DM resistant to H89 treatment. H89 decreased the abundance of HIF-1a-DM and T700A-and S727A-mutant HIF1a-DM by~50 to 60%, but decreased that of the S692A-mutant HIF-1a-DM by only~20% (Fig. 4D ). H89 also decreased the abundance of S31A-mutant HIF-1a by 50 to 60%, but T63A-mutant HIF-1a was constitutively unstable regardless of whether H89 was added (Fig. 4E) . Consistent with these findings, the abundance of S692A-mutant HIF-1a 531-826 was decreased in vehicle-treated cells and resistant to further degradation induced by H89 (Fig. 4F) . Last, the abundance of T63A/S692A-mutant HIF-1a-DM was markedly decreased compared to wild-type HIF-1a and was not affected by treatment with forskolin and IBMX or H89 (Fig. 4G) . Thus, residues Thr 63 and Ser 692 of HIF-1a are phosphorylated by PKA in vitro, as demonstrated by MS (Fig. 4H) , and are required for PKA to increase HIF1a abundance in HeLa cells.
PKA stimulates the binding of p300 to the TAD-C domain of HIF-1a
In addition to protein stability, the transcriptional activity of HIF-1a is increased by recruitment of coactivators, particularly p300, to the transactivation domains (TADs) (10, 11) . To measure HIF-1a TAD function, we analyzed the ratio of firefly/Renilla luciferase activity in HeLa cells, which were cotransfected with pGalA, a vector encoding a fusion protein (designated GalA) containing the Gal4 DNA binding domain (DBD) and residues encompassing both HIF-1a TADs (HIF-1a ) ( Fig. 5A ) (10); pG5-E1b-Luc, a reporter containing five Gal4 DNA binding sites upstream of the E1b promoter and firefly luciferase coding sequences; and pSV-Renilla (11). Treatment with H89 or PKI decreased GalAdependent reporter activity. Forskolin and IBMX treatment increased GalA activity, an effect that was abolished by H89 (Fig. 5B) . Coexpression of the Ca subunit of PKA markedly increased GalA activity (Fig. 5C ). H89 had a reduced effect on transactivation mediated by N803A-mutant GalA, which encodes a protein that is constitutively active due to the loss of inhibitory Asn 803 hydroxylation, compared to the GalA fusion protein containing the unmutated HIF-1a TAD (Fig. 5D ). Consistent with its effect on HIF-1a 531-826 ( Fig. 4C ), H89 decreased the abundance of both forms of the GalA fusion protein (Fig. 5D ), which explains why the N803A-mutant GalA was not completely resistant to the inhibitory effects of H89 on reporter activity.
FIH-1 is constitutively bound to HIF-1a, and FIH-1-dependent hydroxylation of Asn 803 inhibits the binding of p300 to HIF-1a. We sought to determine whether PKA stimulated the recruitment of p300 to full-length HIF-1a under conditions in which HIF-1a abundance does not change. Treatment of HeLa cells with forskolin and IBMX or H89 did not affect FLAG-HIF-1a-DM, p300, or FIH-1 abundance in the presence of MG132 (Fig. 5E , left). Binding of p300 (but not that of FIH-1) to HIF-1a-DM was increased by forskolin and IBMX and decreased by H89 (Fig. 5E , right). Consistent with the GalA assays, forskolin and IBMX or H89 did not affect the binding of p300 to the triple-mutant (P402A/P564A/N803A) HIF-1a (HIF-1a-TM) (Fig. 5F ). Thus, PKA stimulates p300 binding to HIF-1a by counteracting the inhibitory effect of Asn 803 hydroxylation. We have previously demonstrated (10) that residues 531-575 constitute the N-terminal TAD (TAD-N) and residues 786-826 constitute the C-terminal TAD (TAD-C) of HIF-1a. The activity of both TADs is attenuated by the presence of the inhibitory domain (ID), which encompasses residues 576-786 (Fig. 5G) . Furthermore, residues 757-786 are required for FIH-1 binding and inhibition of TAD function (11) . We analyzed HIF-1a transactivation function in HeLa cells expressing the Gal4-DBD fused to residues 531-575 (GalL; TAD-N), 577-826 (GalB; ID and TAD-C), 757-826 (GalG; TAD-C and FIH-1-binding site), or 786-826 (GalH; TAD-C) (Fig. 5G ). H89 treatment inhibited transactivation mediated by GalB or GalG, but not by GalL or GalH, without affecting the protein abundance of GalG or GalH, which were detected using an antibody against the Gal4-DBD (Fig. 5H) . Thus, PKA did not affect TAD-N activity and, similar to FIH-1 binding, residues 757-786 were required for the stimulatory effect of PKA on TAD-C. These results were consistent with the effects of PKA on p300 recruitment and indicate that PKA stimulated the TAD function of HIF-1a by counteracting the inhibitory effect of Asn 803 hydroxylation. (C) Immunoblot assays were performed using lysates of HeLa cells expressing FLAG-tagged HIF-1a-DM or a deletion mutant containing the indicated HIF-1a residues and exposed to vehicle or H89. The bar graph shows the H89/vehicle ratio of FLAG/actin densitometry ratios for each fusion protein (means ± SD, n = 3 independent experiments). *P < 0.05 compared to vehicle. (D to F) HeLa cells expressing FLAG-tagged HIF-1a-DM (DM) or S692A-, T700A-, or S727A-mutant DM (D); FLAG-tagged HIF-1a , which was either wild-type (WT) or contained an S31A or T63A mutation (E); or FLAG-tagged HIF-1a , which was WT or contained an S692A mutation (F), were treated with vehicle or H89 and subjected to immunoblot assays. (G) HeLa cells expressing DM or T63A-+ S692A-mutant DM and exposed to vehicle, forskolin + IBMX, or H89 were subjected to immunoblot assays. *P < 0.05 compared to vehicle; Pull-down assays using HeLa cell lysate and GST-HIF-1a proteins revealed strongest binding of both the Ca and R1a subunits of PKA to residues 757-826 and 531-826 (Fig. 5I) . We next investigated whether phosphorylation of HIF-1a by PKA played a direct role in regulating TAD-C function. None of the residues in GST-HIF-1a 531-826 that were phosphorylated in vitro (Fig. 4B) were located in the 757-826 region. However, tryptic digestion of residues 531-826 did not result in complete coverage of all Ser and Thr residues. We therefore performed LC-MS/MS analyses of peptides from PKA-phosphorylated GST-HIF-1a 531-826 digested with Glu-C. An additional seven residues were identified as phosphorylated by PKA in vitro, three of which (Ser 760 , Ser
761
, and Ser 809 ) were located in the 757-826 region (Fig. 5G) . However, both S760A/ S761A-and S809A-mutant GalG exhibited no differences in reporter transactivation compared to unmutated GalG (Fig. 5, J and K) . Thus, PKA counteracts the inhibitory effect of Asn 803 hydroxylation by stimulating the interaction of p300 with TAD-C through a mechanism that does not appear to involve phosphorylation of HIF-1a.
PKA promotes HIF-1 target gene expression
We next analyzed the effects of pharmacologic and genetic manipulation of PKA activity on the expression of HIF-1 target genes encoding carbonic anhydrase 9 (CA9) and pyruvate dehydrogenase kinase 1 (PDK1). H89 treatment of HeLa cells (Fig. 6A, left) or NRCMs (Fig. 6A , right) decreased CA9 and PDK1 mRNA abundance under hypoxic conditions as compared to vehicle-treated controls. In contrast, forskolin treatment increased CA9 and PDK1 mRNA abundance under hypoxic conditions, an effect that was inhibited by H89. Stable knockdown of the Ca subunit of PKA in HeLa cells inhibited the increase in CA9 and PDK1 mRNA abundance by forskolin (Fig. 6A, center) . HIF-1 mediates the expression of ENTPD1, which encodes ectonucleoside triphosphate diphosphohydrolase 1, also known as CD39, and NT5E, which encodes ecto-5′-nucleotidase, also known as CD73 (12) . CD39 converts extracellular ATP to AMP, which is then dephosphorylated by CD73 to produce adenosine (12) . Hypoxia increased CD73 mRNA and protein abundance in HeLa cells and NRCMs, whereas CD39 mRNA and protein abundance increased only in NRCMs (Fig. 6B) , and these effects of hypoxia were inhibited by H89 (Fig. 6B) . Forskolin increased CD39 and CD73 mRNA abundance, and this induction was also blocked by H89. Thus, consistent with effects on HIF-dependent reporter activity, HIF-1a protein abundance, and HIF-1a TAD function, PKA promotes endogenous HIF-1 target gene expression in HeLa cells and NRCMs.
DISCUSSION
We have identified and characterized PKA as a protein that physically and functionally interacts with HIF-1a. PKA inhibited the proteasomal degradation and stimulated the TAD function of HIF-1a, which together increased HIF-1 target gene expression (Fig. 6C) . Thr 63 and Ser 692 were phosphorylated by the Ca catalytic subunit of PKA, and mutation of these residues blocked PKA-induced HIF-1a protein stabilization. PKA-induced p300 recruitment and transactivation did not appear to require phosphorylation of HIF-1a. Not only Ca but also the R1a regulatory subunit of PKA associated with HIF-1a, indicating that the PKA holoenzyme may be bound to HIF-1a before activation and is thus poised to respond to increased cAMP concentrations by stimulating HIF-1 activity. Surprisingly, PKA activators increased the association of both PKA subunits with HIF-1a, suggesting that phosphorylation may further increase the binding affinity of HIF-1a for PKA. A previous study suggested that HIF-1a might be stimulated by PKA in EAhy296 endothelial cells subjected to cyclic hypoxiareoxygenation, but there was no evidence that PKA phosphorylated HIF-1a directly and no effect of PKA on HIF-1a protein abundance was reported in that study (13) . We demonstrated that PKA increased HIF-1 activity by increasing HIF-1a stability and TAD function. However, the effects of modulating PKA activity in nonhypoxic cells were modest and variable in different assays, and may reflect differences in the rate of HIF-1a synthesis.
Several other interacting proteins inhibit the proteasomal degradation of HIF-1a independently of prolyl hydroxylation, including BCL2, HSP90, and septin 9 variant 1 (14) (15) (16) were mutated, indicating that the mechanism of stabilization is independent of prolyl hydroxylation and VHL binding. In addition to effects on HIF-1a protein stability, PKA stimulates p300 binding to the TAD-C of HIF-1a. The effect of PKA on HIF-1a-mediated transactivation required Asn 803 and residues 757-786, which are critical for FIH-1 binding, but PKA did not affect the interaction between HIF-1a and FIH-1. These data suggest that PKA may inhibit the ability of FIH-1 to hydroxylate HIF-1a or may promote interaction of p300 with HIF-1a even when Asn 803 is hydroxylated. Because PKAmediated phosphorylation of Ser 133 in CREB induces the binding of the coactivator CREB-binding protein (CBP) and transactivation through binding of CREB-CBP complexes to CREs in target genes (6), we analyzed whether phosphorylation of HIF-1a by PKA stimulates the p300-HIF-1a interaction. However, none of the sites that were phosphorylated by PKA in vitro were required for stimulation of HIF1a TAD function by PKA. Further study is required to determine whether PKA-catalyzed phosphorylation of FIH-1, p300, another coactivator, or an unidentified HIF-1a residue is responsible for the PKAdependent increase in HIF-1a TAD function. In this regard, it is worth noting that in PC12 pheochromocytoma cells, intermittent hypoxia stimulates HIF-1a TAD function as a result of p300 phosphorylation by Ca 2+ /calmodulin-dependent kinase II (21) . Studies are also warranted to determine whether PKA interacts with, and phosphorylates, HIF-2a. Despite 87% sequence identity between HIF-1a and HIF-2a over residues 14-68, Thr 63 is not conserved in HIF-2a. With respect to Ser 692 , HIF-1a residues 600-699 share only 20% sequence identity with the corresponding region of HIF-2a. It also remains to be determined whether PKA interacts primarily with the isolated HIF-1a subunit or with the HIF-1 heterodimer in vivo, in which case it is formally possible that PKA might also modify HIF-1b.
We focused on the interaction of HIF-1a with PKA because hypoxic, ischemic, and inflammatory states are associated with increased HIF-1 activity and increased production of extracellular adenosine and catecholamines, which signal through PKA (1-4, 12, 22) . Cancer cells exploit adaptive responses mediated by HIF-1 in hypoxic tumor microenvironments to drive angiogenesis, metabolic reprogramming, cancer stem cell maintenance, immune avoidance, invasion, and metastasis (1). Many cancer cells also bear receptors for neurotransmitters and can synthesize neurotransmitters (including catecholamines) that act in an autocrine or paracrine manner through PKA to promote proliferation, survival, migration, invasion, and metastasis (4). HIF-1-dependent expression of the genes encoding the extracellular adenosine-generating enzymes CD39 and CD73 and subsequent binding of adenosine to A 2A or A 2B receptors increase intracellular cAMP synthesis and stimulate PKA signaling, which promotes immunosuppression in the context of ischemia, inflammation, and cancer (3, 4, 12) . We demonstrated PKA-dependent regulation of HIF-1 target genes involved in metabolism (CA9 and PDK1) and adenosine production (ENTPD1 and NT5E, which encode CD39 and CD73, respectively). HIF-1-dependent adenosine production should increase PKA activity, resulting in a potential feed-forward effect in the tumor microenvironment, in which hypoxia induces PKA activity and PKA induces HIF-1. Exposure of A549 lung carcinoma cells to hypoxia induces the expression of PRKACA (which encodes the Ca subunit of PKA) in an HIF-dependent manner (22) , providing another potential feed-forward mechanism.
In heart failure, b-adrenergic-mediated activation of PKA and subsequent phosphorylation of voltage-gated Ca 2+ and K + channels, the SERCA inhibitory protein phospholamban, ryanodine receptor, troponin I, myosin-binding protein C, and other proteins is a major mechanism leading to altered left ventricular structure and function (2, 7, 8) . Decreased b 1 -adrenergic receptor density and increased b-adrenergic receptor uncoupling from GPCR-mediated signaling pathways, which lead to decreased PKA activity, are correlated with disease progression and increased risk of decompensated heart failure (2, 7, 8) . Left ventricular pressure overload induced by transaortic constriction in mice initially results in increased HIF-1a abundance in the heart, which is associated with increased expression of the HIF-1a target gene VEGF (which encodes vascular endothelial growth factor) and with enhanced vascularization, maintenance of tissue perfusion, and compensated cardiac hypertrophy. However, HIF1a abundance eventually decreases in these mice, and the reduced vascular density results in impaired left ventricular function. In addition, cardiomyocytespecific HIF-1a knockout leads to left ventricular dysfunction after transaortic constriction (23) . Future studies are required to determine whether loss of PKA-dependent regulation of HIF-1 may contribute to the progression of heart failure. Finally, HIF-1 also mediates protective responses in the context of acute lung injury, antimicrobial immunity, inflammatory bowel disease, lung transplantation, myocardial ischemia, peripheral arterial disease, and wound healing (24, 25) . Prolyl hydroxylase inhibitors induce HIF-1 activity and provide therapeutic benefits in animal models of these conditions. Our results suggest that studies are warranted to determine whether drugs that induce cAMP synthesis or inhibit its degradation may also be useful for this purpose.
MATERIALS AND METHODS
Cell culture
NRCMs were isolated as described (26) . Human cardiomyocytes were purchased from PromoCell. NRCMs, H9c2, HeLa, and HEK293T cells were cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum (FBS), and penicillin-streptomycin at 37°C in a 5% CO 2 /95% air (20% O 2 ) incubator. The b-adrenergic agonists isoproterenol and phenylephrine were purchased from Sigma-Aldrich. Forskolin, IBMX, H89, and MG132 were from Selleckchem. Myr-PKI was from R&D Systems. For pharmacological studies, cells were preincubated in serumfree medium (SFM) for 30 min. For studies using H89 or MG132, cells were preincubated in SFM or SFM supplemented with H89 or MG132 for an additional 30 min or 2 hours before subsequent treatments, respectively. Treatments were performed in SFM (supplemented with 0.1% FBS for studies longer than 20 hours). To induce hypoxia, cells were placed in a modular incubator chamber (Billups-Rothenberg), which was flushed with a 1% O 2 /5% CO 2 /94% N 2 gas mixture, and incubated at 37°C. Cells were transfected using PolyJet (SignaGen) and lysed or treated 24 hours after transfection. For the GST-HIF-1a pull-down assay (Fig. 1A) , NRCMs were treated for 72 hours. For Fig. 1B Fig. 6B , the following concentrations were used for all treatments: isoproterenol (10 mM), phenylephrine (20 mM), forskolin (50 mM), H89 (10 mM), PKI (20 mM), IBMX (20 mM), and MG132 (10 mM). For protein analyses in Fig. 6B , cells were treated with 3 mM H89 for 24 hours (compared to 10 mM for 4 or 16 hours) to compensate for increased exposure time.
Plasmid constructs and recombinant protein expression rsTagRFP and rsTagRFP-Ca (in pCDNA3.1) were gifts from J. Zhang (Johns Hopkins University). Human Cb (in pPM-C-HA) was purchased from Applied Biological Materials. Five shRNA vectors targeting Ca (MISSION shRNA; Sigma-Aldrich) were screened for knockdown efficiency, and vectors encoding shCa-1 (TRCN0000233525; table S1) and shCa-5 (TRCN0000356094; table S1) were used to generate stable puromycinresistant HeLa subclones. Missense mutants of HIF-1a were generated by PCR using the Q5 Site-Directed Mutagenesis Kit and primers (table S1) designed by NEBaseChanger software (New England Biolabs). His 6 -R1a vector was generated by isolation of bovine R1a complementary DNA (cDNA) sequences from pRSETB (Addgene plasmid 14922) as a Hind III/Nde I fragment and ligation to pET15b (Rapid DNA Ligation Kit; Thermo Scientific). Other plasmids have been previously described (27) . GST, GST-HIF-1a, His-Ca, and His-R1a recombinant proteins were expressed in Escherichia coli and purified using glutathione or Ni-NTA beads (27, 28) .
Virus production and subclone generation
Lentiviral transduction was performed as previously described (29, 31) . Briefly, lentiviral particles were generated by transfecting HEK293T cells with an shRNA transducing vector and the packaging vectors pCMVR8.91 and pVSVg. The supernatant containing virus particles was harvested after 48 hours, centrifuged at 250g for 10 min, and passed through a 0.45-mm filter. HeLa cells were incubated in growth medium supplemented with 10% lentiviral supernatant and Polybrene (8 mg/ml; Sigma-Aldrich) for 24 hours, rinsed, cultured for an additional 48 hours in growth medium, followed by selection and maintenance of resistant clones in growth medium containing puromycin (1 mg/ml; Sigma-Aldrich).
GST-HIF-1a pull-down assay
Capture of HIF-1a-interacting proteins from cell lysates was performed as described (27, 29) , with minor modifications. Briefly, GST or GST-HIF1a 531-826 was covalently coupled to cyanogen bromide (CNBr)-activated Sepharose 4 Fast Flow beads (GE Healthcare) according to the manufacturer's instructions. For each column, 2 mg of GST or GST-HIF-1a was coupled to CNBr beads and incubated at 4°C overnight with 15 mg of protein lysate from NRCMs. Columns were subsequently washed, and protein was eluted with 8 M urea, dialyzed, and concentrated to >3 mg/ml using a 10-kD exclusion Vivaspin column (Sartorius). The concentrated protein samples were fractionated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and stained for total protein using G-250 Coomassie Brilliant Blue (Bio-Rad), and gel bands were excised for analysis by MS.
MS analysis of GST-HIF-1a-interacting proteins
Digestion conditions were described previously (28) . Briefly, excised bands were pH-equilibrated in 25 mM NH 4 HCO 3 ; reduced and alkylated in 10 mM dithiothreitol (DTT), 55 mM iodoacetamide, and 25 mM NH 4 HCO 3 ; and digested in trypsin (10 ng/ml; Promega) at 37°C for 24 hours. Tryptic peptides were recovered by first incubating gel slices in 80% acetonitrile/0.1% trifluoroacetic acid for 30 min and then in acetonitrile/0.1% trifluoroacetic acid for 30 min on a shaker. Extracted peptides were desalted using Oasis HLB 1-cc Extraction Cartridges (Waters), dried to completion, and stored at −80°C until ready for MS. If necessary, dried peptides were resuspended in 0.1% trifluoroacetic acid and subjected to repetitive desalting using 0.6-ml C18 ZipTips (Millipore) until dried peptides were visibly clear.
LC-MS/MS analyses were performed in the Johns Hopkins Mass Spectrometry and Proteomics Core using an EASY-nLC 1000 (mobile phase A was 0.1% fluoroacetic acid in water and mobile phase B was 0.1% fluoroacetic acid in acetonitrile) connected to an Orbitrap Elite (Thermo Scientific) equipped with a nanoelectrospray source (28) . A portion of the peptide digest was pressure-loaded onto a Thermo Acclaim PepMap 100 trap precolumn (75 mm × 2 cm) packed with C18 reversephase resin (3 mm, 100 Å; Thermo Scientific) and separated on a Thermo Acclaim PepMap RSLC analytical column (50 mm × 15 cm) packed with C18 reverse-phase resin (2 mm, 100 Å; Thermo Scientific) at a flow rate of 300 nl/min using a linear gradient of 2 to 40% buffer B for 30 min, 40 to 98% buffer B for 3 min, and then holding at 98% buffer B for 7 min. The nano-source capillary temperature was set to 275°C with a spray voltage of 2 kV.
MS1 scans were acquired in the Orbitrap Elite at a resolution of 60,000 full width at half maximum (FWHM) [400 to 1600 mass/charge ratio (m/z)] with an automated gain control (AGC) target of 1 × 10 6 ions over a maximum of 500 ms. The 10 most intense peaks from MS1 scans, with signals exceeding 1000 counts, were set to trigger MS2 scans in the linear ion trap. The following MS/MS settings were used: AGC target = 5 × 10 4 ; MS/MS = 1 mscan, 100-ms maximum ion accumulation time, collision energy = 35%, and rapid resolution scan rate. Monoisotopic precursor selection was enabled with +1 and unassigned charge states not selected for MS2 analyses. Dynamic exclusion was used with a repeat count of 2, repeat duration of 30 s, and exclusion duration of 90 s.
Raw MS/MS data were converted to mzXML and mgf format using Msconvert version 3.0.3858 from ProteoWizard (30) for peak list generation. Data were searched using the X! Tandem algorithm (31) version 2009.10.01.1 and OMSSA algorithm (32) version 2.1.9. The data set was searched against the concatenated target/decoy Rat UniProt (33) database as of 9 October 2013. The search parameters were as follows: fixed modification of carbamidomethyl (C) and variable modifications of carbamylation (K), oxidation (M), phosphorylation (STY); enzyme: trypsin with two maximum missed cleavages; parent tolerance: 0.08 dalton; fragment tolerance: 1.00 dalton. Postsearch analysis was performed using Trans-Proteomic Pipeline (34) version v4.6 rev 1, with protein group and peptide probability thresholds set to 95 and 99%, respectively, with one or more peptides required for identification. PeptideProphet (35) was used for peptide validation, and iProphet (36) was used to further refine identification probabilities. Last, ProteinProphet (37) was used to infer protein identifications from the resulting combined peptide list and to group ambiguous hits. Protein group and peptide false discovery rates (FDRs) were calculated automatically using a target-decoy method for the above probability thresholds. Protein isoforms were only reported if a peptide comprising an amino acid sequence that was unique to the isoform was identified.
In vitro binding and phosphorylation
For binding assays, 10 mg of GST or GST-HIF-1a 531-826 bound to glutathione beads was incubated with His-Ca or His-R1a in 100 ml of binding buffer [20 mM Na-Hepes (pH 7.5), 50 mM NaF, 5 mM Na 4 P 2 O 7 , 1 mM EDTA, 1 mM EGTA, 0.1% (v/v) Triton X-100, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 64 mM benzamidine, 2 mM leupeptin, 3 mM antipain, and aprotinin (10 U/ml)] for 2 hours at 30°C on an orbital shaker (300 rpm). Samples were washed, eluted, and fractionated by SDS-PAGE, and immunoblot assays were performed. For phosphorylation assays, 2 mg of GST or GST-HIF-1a was incubated with or without 1.5 mg of recombinant human Ca (Active Motif) in 50 ml of reaction buffer [20 mM tris-HCl (pH 7.5), 5 mM EGTA, 25 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM DTT, 200 mM ATP, and 10 mM MgCl 2 ] for 3 hours at 30°C on an orbital shaker (300 rpm). Reactions were stopped by addition of 4× Laemmli loading buffer, and proteins were fractionated by SDS-PAGE. Phosphoproteins were stained using Pro-Q Diamond Phosphoprotein Gel Stain (Thermo Fisher) and imaged on a Typhoon 9400 variable mode imager (GE Healthcare). Total protein staining was performed using G-250 Coomassie Brilliant Blue.
MS analysis of HIF-1a phosphorylation
Purified GST-HIF-1a proteins were incubated with active rCa in the presence of ATP (as described above) for 1 hour. Samples were reduced in 5 mM DTT at 60°C for 1 hour, alkylated in 15 mM iodoacetamide for 15 min at room temperature protected from light, and digested at 37°C overnight with either endoproteinase Lys-C (Promega) for GST-HIF-1a or trypsin (Promega) for all other phosphorylated GST-HIF-1a proteins. GST-HIF-1a 531-826 was also digested with Glu-C (Promega) at 37°C overnight.
LC-MS/MS analyses were performed in the Johns Hopkins Mass Spectrometry and Proteomics Core on house-packed columns connected to an LTQ Velos Orbitrap (Thermo Scientific) equipped with a nanospray electron source. A portion of the peptides were trapped for 5 min on a house-packed YMC trap precolumn (10 mm, 120 Å; YMC Co. Ltd.) for 5 min at 5 ml/min and then separated on an analytical column (75 mm × 15 cm) packed with C18 reverse-phase resin (5 mm, 120 Å; ProntoSIL) connected to a 10-mm PicoTip emitter (New Objective) at a flow rate of 300 nl/min using a linear gradient of 10 to 45% buffer B over 90 min. Eluted peptides were injected directly into the Velos Orbitrap at a spray voltage of 2.2 kV. MS1 scans were acquired from 350 to 1800 m/z with up to eight peptide masses individually isolated with a 1.9-dalton window and fragmented (MS2) using a stepped collision energy of 34% and 30-s dynamic exclusion. MS1 and MS2 scans were acquired at a resolution of 30,000 and 15,000 FWHM, respectively.
Raw MS/MS data files were searched against a custom HIF-1a fragment database using PEAKS algorithm version 7.0 (Bioinformatics Solutions Inc.), set at the following search parameters: variable modifications of oxidation (M), carbamidomethylation (C), deamidation (NQ), phosphorylation (STY), acetylation (K, N-term); enzyme trypsin (D/P), with four maximum missed cleavages and nonspecific cleavage at both ends; parent tolerance: 25.0 parts per million; fragment tolerance: 0.03-dalton peptide; and phosphorylation FDRs were set at 1%, equivalent to a −10lg P ≥ 30.7. The phosphorylated Thr 63 and Ser 692 peptides each had FDRs <0.1% with −10lg P values of 58.32 and 76.86, respectively.
Pull-down, immunoprecipitation, and immunoblot assays
As previously described (27, 28) , 2 mg of GST protein bound to glutathione beads was incubated with 2.5 mg of lysate overnight at 4°C, washed three times, fractionated by SDS-PAGE, and subjected to immunoblot assays. Immunoprecipitation of FLAG-HIF-1a was performed using anti-FLAG M2 beads (Sigma-Aldrich). For other antibodies used for immunoprecipitation and immunoblot assays, see table S2.
Luciferase reporter assays
HIF-dependent (p2.1) and Gal4-HIF-1a fusion protein luciferase reporter assays were performed as previously described (11, 38) . HeLa cells (60,000 per well) were seeded onto 24-well plates, grown for 20 hours, and cotransfected with 20 ng of pSV-Renilla, 25 ng of expression vector (where applicable), and 80 ng of p2.1 or 50 ng each of pG5-E1b-Luc and pGal4-HIF-1a. After 6 hours, cells were grown for 20 hours in fresh medium, treated for 16 hours for pharmacological studies, or grown for an additional 24 hours for overexpression studies, at 20 or 1% O 2 , and subjected to the Dual-Luciferase Assay (Promega).
RT-qPCR assays
RNA extraction, RT, and qPCR were performed as previously described (38) (see table S1 for primer sequences). All treatments were performed as described for luciferase assays above.
Statistical analyses
Densitometry software (ImageJ; National Institutes of Health) was used to quantify immunoblot band pixel intensities. Statistical software (JMP 12; SAS Institute) was used to determine whether two sample sets were statistically different from each other with a confidence interval of 95% (P < 0.05). Total data sets amalgamated from independent experiments for each respective graph was plotted in a frequency histogram with equal class intervals and subjected to the goodness-of-fit Shapiro-Wilk W test to determine whether the data were normally distributed. All data exhibited non-normal distribution; thus, the nonparametric Mann-Whitney U test was performed to assess statistical significance. All quantified data are expressed as means ± SD.
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